An enzyme-linked immunosorbent assay (ELISA) was developed and optimised using a Mycobacterium avium subspecies paratuberculosis (MAP) antigen prepared from a C strain (316v) passed through a French press. The optimised assay was evaluated with a panel of sera from MAP infected (n = 66) and uninfected (n = 1,092) sheep.
Development of 316v antibody enzymelinked immunosorbent assay for detection of paratuberculosis in sheep
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Introduction
Johne's disease (JD) is a chronic granulomatous enteritis of ruminants, commonly seen in cattle and sheep. The disease also affects other domestic and wild ruminants. It is caused by the bacterium Mycobacterium avium subspecies paratuberculosis (MAP). Clinically infected animals can show progressive wasting, and intermittent diarrhoea, depending on the species. It is a production-limiting disease that results in economic losses, especially in infected dairy herds (1, 2) and the sheep industry (3) . Diagnosis of JD in ruminants can be made by detecting the causative agent in infected hosts or by measuring the immune response to infection. Detection of MAP by laboratory culture followed by molecular probe-based methods requires a long turnaround time and is expensive. Detection of a host immune response, such as antibody in serum, is more suitable for large-scale testing at low cost per animal. A commonly employed method to detect antibody mediated immune responses is the enzyme-linked immunosorbent assay (ELISA).
No. 30112015-00074-EN 3/22
The sensitivities of currently available ELISAs are low but specificity is generally high when tested on uninfected populations (4, 5, 6, 7) .
Sensitivity varies with the stage of disease; it is low in the early or subclinical stages and increases as the disease progresses to the clinical stage (8, 9, 10). The sensitivity increases with the age of the infected host, but the specificity decreases (11). Information on the accuracy of ELISA for subclinical infection as well as for different histopathological lesion types is not available. In most studies, the estimated diagnostic sensitivity of ELISA is 34% to 41%, with a specificity of 94.8% to 99.5%, in comparison to the reference standards of histopathological lesion detection or faecal culture of MAP (6, 12, 13).
Estimates of diagnostic accuracy for ELISA often vary substantially for tests of the same type and make (7). Furthermore, most of the commercial ELISAs are expensive, and they are not always affordable in developing countries. This discourages the implementation of disease control programmes. There is a need to develop an inexpensive ELISA with high sensitivity and specificity for largescale surveys, particularly in developing countries where ruminants play an important role in the subsistence agriculture economy. The aim of this study was to develop a relatively low-cost assay for the diagnosis of paratuberculosis that could be applied in developing countries.
Materials and methods

Optimisation
Optimisation reagents
French-pressed antigen prepared from a purified culture of the C strain and Costar (Corning Inc., Corning, New York, USA).
Control sera
Positive and negative control sheep sera were obtained from an 
Serum adsorption
To reduce cross reactions due to the exposure of hosts to environmental mycobacteria, all serum samples were adsorbed with heat-killed Mycobacterium phlei (University of Sydney, NSW, Australia The adsorbed serum was centrifuged at 2,500  g for 10 min at room temperature (RT) to separate the supernatant from the particulate M. phlei and then used for ELISA.
General reagents
Carbonate buffer (0.1 M sodium carbonate, pH 9.6) was used as the coating antigen; substrate 3′, 3′, 5′, 5′ tetra-methyl-benzidine (TMB) (Thermo Scientific, Rockford, USA) was used for development of the 
Assay evaluation
The optimised 316v ELISA was evaluated using a set of serum samples from MAP infected and uninfected sheep. The PC and NC sera were used for plate controls.
Sera for estimation of diagnostic specificity 
Sera for estimation of diagnostic sensitivity
Diagnostic sensitivity was defined as the proportion of infected sheep determined to be truly positive by tissue culture or histopathology that were positive in the test. A total of 66 sera from infected sheep were used for estimating diagnostic sensitivity (10). Infected sheep were categorised into four groups according to previously described histopathological lesion grades (16, 17, 18) : no lesion or low grade (type 1 or 2) (n = 17); early paucibacillary (type 3a) (n = 18); multibacillary (type 3b) (n = 20); and paucibacillary (type 3c) (n = 11). Diagnostic sensitivities for paucibacillary (3a and 3c) and multibacillary (3b) lesion types were analysed.
Decision-limit quality control
Individual sera with a coefficient of variation (CV) for paired replicates of > 15% were re-tested. All the results from re-tests with a CV of < 20% were used in the analyses.
Between-plate variation
Repeatability was expressed as the CV of the NC and PC. In addition, 
ELISA result interpretation
The ELISA results from both the 316v and the IDEXX ELISA were For the 316v ELISA, an SP% cut-point was chosen for optimum sensitivity while maintaining a high specificity. For the IDEXX ELISA, test sera with an SP% ≥ 55% were considered positive, according to the manufacturer's instruction. Test sera with SP% > 45% and < 55% in the IDEXX ELISA were considered as suspect and were re-tested. The re-test values were used for analysis.
Cost of 316v ELISA in comparison with IDEXX ELISA
A comparison of the cost of the 316v and the IDEXX ELISA was calculated in Australian dollars (A$). For the 316v ELISA, the retail cost of laboratory supplies, reagents, antigen and antibodies was obtained, based on testing an equivalent number of plates to those in an IDEXX ELISA kit, in Australian dollars using data for 2013. The labour differential between the in-house test and the commercial kit was determined and costed for Australian labour costs.
Statistical analyses
Statistical analysis was performed using GenStat 12. McNemar's test for paired observations was used to assess the agreement between the assays with a chi-squared statistic, and p < 0.05 was considered to show a significant difference between the assays. The OD values were used for analysis of the receiver operating characteristic (ROC) curve and the area under the ROC curve (AUC ROC ). The ROC curve was analysed to examine the discriminatory power of the assay to separate the infected and uninfected groups, but not to set the cut-point.
Results
Analysis of antigen
The French-pressed crude antigen prepared from the 316v strain of MAP was analysed by SDS-PAGE, which revealed separation of three strong bands and many lesser bands. The three major bands were of molecular mass 30, 60 and 72 kDa. All the protein bands were within the range 10 to 95 kDa (Fig. 1) . The presence of multiple bands suggests that the MAP 316v antigen used in this assay is a complex protein mixture.
Optimisation
Assay optimisation was performed on the basis of the signal-to-noise Figs 2a, 2b and 2c) . Therefore, the polyclonal conjugate was replaced by a monoclonal conjugate.
The change in conjugate increased the OD values and therefore the SN ratio (Fig. 2d) . With the use of monoclonal conjugate, the amount of FCS used as serum diluent was reduced without adversely affecting the SN ratio (Fig. 3a) . Among the three brands of microplate, Nunc
MaxiSorp was most suitable (Fig. 3b) . The maximum SN ratio was achieved at 2 µg/ml antigen and 1:100 serum dilution (Fig. 3c) . The ability of the assay to discriminate uninfected from infected animals was greatest when 1.3 mg/ml of M. phlei protein was used (Fig. 3d) .
Optimised 316v ELISA format
The optimised 316v ELISA format is summarised as follows. Briefly, 
Assay agreement
At equivalent diagnostic specificity (99.8%), the 316v ELISA showed apparently lower overall sensitivity than the IDEXX ELISA.
McNemar's chi-square test with Yatesʼ correction revealed that the IDEXX ELISA was significantly more sensitive than the 316v ELISA (chi-square statistic = 5.82, p < 0.05). However, both assays showed similar trends of sensitivity across the range of different histopathological lesion grades.
Cost of 316v ELISA in comparison to IDEXX ELISA
The cost of reagents and disposables for the 316v ELISA to test one plate was A$35.48 (Table I 
